The solar updraft tower (SUT) is a renewable power generation system that uses the natural convection phenomenon of the ground's air heated by solar radiation. The baffle is a thermo-fluid dynamic structure that improves the heat exchange efficiency and has been recently reported to be a useful tool to increase the output of the SUT. However, one of the less well-known issues is the relationship between the thermo-fluid dynamic characteristics of the flow in the collector of the SUT and the installation location of the baffle and how this affects the power output and SUT efficiency. In this study, the positive and negative thermo-fluid dynamic effects of the baffle, which vary depending on the installation location, are quantitatively analyzed, and the best location is predicted where the overall kinetic power generated by the SUT is maximized. The target SUT model consists of a chimney (12 m height and 0.25 m diameter) and a collector (1 m height and 10 m diameter), and a total of eight model cases are calculated. The results confirm that the kinetic power is lower or higher than that of the control model having no baffle, depending on the baffle installation location. When the position of the baffle is 4.5 m from the center, the increase in kinetic power is maximized by 8.43%. Two important conclusions are that the baffle should interfere minimally with the progress of the main flow into the chimney, generating kinetic power, and at the same time, the baffle should isolate the inner recirculating flow in order to accumulate the heat in the collector so that the natural convection strength is maximized. The perspective gained from the resulting data is useful for SUT design and for pursuing a higher efficiency in the future.
Introduction
Interest in renewable energy is growing around the world as the Paris Agreement was signed in 2015 to reduce global greenhouse gas emissions, the cause of global warming [1] . As this trend develops, various methods of power generation from natural resources with little greenhouse gas emission, such as biomass [2, 3] , wind power generation [4] , and geothermal power generation [5] , are being studied. Regarding solar energy, the annual amount of solar radiation reaching Earth's surface is approximately 3,400,000 EJ (exajoule, 1 × 10 18 J), which is more than 7500 times the annual world primary energy consumption of 450 EJ [6] . This is a very considerable source of energy and is expected to be utilized as an abundant renewable resource. Therefore, various solar energy applications such as solar water heaters, solar cookers, solar dryers, and solar ponds are being studied [6] . Among them, the solar updraft tower (SUT) is a power generation system that uses thermal updraft air flow caused by the natural convection phenomenon of the ground's air heated by solar radiation. In general, 
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Geometry
The geometry of the SUT analyzed in this study is basically the same as two previous studies of the SUT with the baffle mentioned above [13, 14] . The total height of the SUT is 13 m, the chimney In the present study, a numerical analysis is carried out on the appropriate positions of baffles in the SUT. The thermo-fluid dynamic effects of the baffle are examined by varying the position of the baffle in the collector. The position of the baffle affects both the downstream recirculating flow area and the upstream cold air inflow from the outside. The enhancement of the greenhouse effect by the downstream recirculating flow is a positive effect on the thermal efficiency point of view (Figure 1b) . On the other hand, the baffle also reduces flow area and increases flow resistance. This is a negative effect of the baffle, which causes a decrease in the total flow rate (Figure 1b) . According to the position of the baffle, both the size of the gap through which the flow passes and the vortex generation location are also changed, so that the magnitudes of the abovementioned two effects and the flow characteristics are also to be changed (Figure 1c) . In order to quantify these conflicting effects, computational fluid dynamics (CFD) models for eight baffle positions were analyzed in order to propose an appropriate baffle position with the maximum net thermo-fluid dynamic effect. The results presented in this paper will be useful not only to verify the thermal usefulness of the baffle applied to the SUT but also to guide SUT designs for an improved performance in the future.
Materials and Methods
Geometry
The geometry of the SUT analyzed in this study is basically the same as two previous studies of the SUT with the baffle mentioned above [13, 14] . The total height of the SUT is 13 m, the chimney height is 12 m, the collector diameter is 10 m, the inlet of the collector has a height of 0.15 m, and the chimney diameter is 0.25 m (Figure 2a ). We used 2-D axisymmetric models with the axis set to the center of the SUT. The dimensions of the baffle were 0.08 m wide and 0.15 m high (Figure 2b ). For the numerical analysis, a quadrilateral grid was applied and the grid density near the walls and baffles was made higher for an accurate analysis (Figure 2c ). After performing grid tests, 123,720 grids were assigned for the models without baffle and approximately 130,000 grids were used for the models with a baffle, taking into account both the accuracy and the efficiency of analysis.
We analyzed eight cases by changing the locations of the baffle installation (from 1.0 m to 4.5 m at 0.5 m intervals, measured from the central axis) alongside the base case, which had no baffle (Figure 2b ). Each case was named "BL_1.0", "BL_1.5", etc. with the "BL" prefix representing "baffle location", followed by its distance value in meters (Table 1) . 
Computational Models and Boundary Conditions
The turbulence model used in this study is the standard k-ε model which has been reported to be suitable for predicting thermo-fluid dynamic phenomena occurring in the SUT [19] (see Section A of the Supplementary Materials for a more detailed description of the numerical model). In the 
The turbulence model used in this study is the standard k-ε model which has been reported to be suitable for predicting thermo-fluid dynamic phenomena occurring in the SUT [19] (see Section A of the Supplementary Materials for a more detailed description of the numerical model). In the boundary layer near the absorber and baffle of SUT, the laminar sublayer was estimated by the enhanced wall treatment, which has been verified for its predictability in combination with the standard k-ε model [20] . The Boussinesq approximation was applied to realize a natural convection. To calculate the buoyancy force (the driving force of natural convection) in the Boussinesq model, the density in the governing equations was treated as a constant value except for the buoyancy term of the momentum equations. The density was estimated by the following equation:
where ρ 0 is the density of the working fluid, β is the thermal expansion coefficient, and T 0 is the operating temperature. The density and thermal expansion coefficient of the air were assumed to be 1.1543 kg/m 3 and 3.2805 × 10 -3 /K, respectively. Due to the simplified density calculations, the convergence of this approximation was improved when compared with the ideal gas model or the incompressible ideal gas model [21] . Assuming thermal equilibrium inside the SUT, the time condition is set to the steady state and the boundary conditions of the inlet and outlet are assumed to be 1 atm at 300 K, which is a typical atmospheric state similar to the standard ambient temperature and pressure (SATP) conditions. Considering the radiative energy of the ground due to the greenhouse effect, it is assumed that there is a heat flux of 13 W/m 2 . The chimney, roof, and baffle are assumed to be adiabatic ( Table 2 ). The abovementioned boundary conditions refer to our previous model study [14] . The reason for setting the chimney and roof to the adiabatic condition is to assume no heat loss for that part. The reason for setting the baffle to the adiabatic conditions is to focus on the change of the thermo-fluid dynamics due to the baffle. Note that if heat flux boundary conditions are applied to the baffle, the amount of heat supplied by the baffle increases proportionally to the distance (location) of the baffle due to the increase in the heat transfer area (circumferential length of the baffle is 2πr, where r is the distance). We concluded that this is not the purpose of this study which only examines the influence of location of the baffle. The numerical model used in this study is based on the previous study of our group [14] , and the validation of the model is described in Section B of the Supplementary Materials. Table 2 . The boundary conditions of SUT: All walls except for the absorber are adiabatic.
Boundary Conditions
Inlet
Pressure inlet ( The number of iterations was determined by monitoring the convergence of residuals of the mass flow rate of the chimney outlet and the temperature of the chimney inlet. The calculation was continued for twice the iteration number for which the first convergence was achieved. Approximately 20,000 iterations were needed for most models in our study.
Results and Discussion
By scrutinizing the streamlines of the flow in the collector, it was found that two major flows were developed-the "main flow" directed to the chimney and the "circulating flow" (Figure 3a ). The most prominent difference between the control model (base case, without baffle) and the other models with a baffle is an additional vortex formed immediately behind the baffle in the main flow. The circulating flow in the base model is formed throughout the collector (see the blue region in Figure 3a) ; this flow pattern, however, is changed by the small vortex generated behind the baffle. For convenience, we classified them into three groups according to the location of the baffle ( Figure 3) . First, the circulating flow in Group 1 (BL_1.0, BL_1.5, and BL_2.0; Figure 3 (bi)), where the baffle is located relatively close to the chimney (axis), is formed between the inlet and the baffle contacting directly with the inlet flow from the outside. In Group 2 (BL_2.5 BL_3.0, and BL_3.5; Figure 3 (bii)) for which a baffle is located in the middle of the collector, the shape of the circulating flow becomes narrower and is divided in the middle by the baffle (and the corresponding vortex generated behind it), creating two circulating flows in the upstream and downstream regions of the baffle. The circulating flow formed at the upstream of the baffle of Group 2 is in direct contact with the external flow introduced into the collector inlet (the same as in the circulating flows observed in the models of Group 1); however, the circulating flow formed in the downstream of the baffle is isolated. In Group 3 (BL_4.0 and BL_4.5; Figure 3 (biii)) for which a baffle is adjacent to the inlet of the collector, the circulating flow is not in direct contact with the inlet flow since it is secured by the baffle, which protects the circulating flow from mixing with the inlet flows.
Energies 2019, 12, 1340 6 of 14 flow introduced into the collector inlet (the same as in the circulating flows observed in the models of Group 1); however, the circulating flow formed in the downstream of the baffle is isolated. In Group 3 (BL_4.0 and BL_4.5; Figure 3b (iii) ) for which a baffle is adjacent to the inlet of the collector, the circulating flow is not in direct contact with the inlet flow since it is secured by the baffle, which protects the circulating flow from mixing with the inlet flows. The classification of models with a baffle based on the change of the "circulating flow": (i) Group 1 includes the "BL_1.0", "BL_1.5", and "BL_2.0" models, and its representative model is "BL_1.0"; (ii) Group 2 includes the "BL_2.5", "BL_3.0", and "BL_3.5" models, and its representative model is "BL_2.5"; and (iii) Group 3 includes the "BL_4.0", and "BL_4.5" models, and its representative model is "BL_4.0". The classification of models with a baffle based on the change of the "circulating flow": (i) Group 1 includes the "BL_1.0", "BL_1.5", and "BL_2.0" models, and its representative model is "BL_1.0"; (ii) Group 2 includes the "BL_2.5", "BL_3.0", and "BL_3.5" models, and its representative model is "BL_2.5"; and (iii) Group 3 includes the "BL_4.0", and "BL_4.5" models, and its representative model is "BL_4.0". Such changes in the flow pattern also lead to temperature distribution changes in each model. To confirm this, we examined the temperature profiles at some specific locations. Note that we selected BL_1.0 for Group 1, BL_2.5 for Group 2, and BL_4.0 for Group 3 as the representative model cases of each group). First, the temperature profiles of the absorber surface (h = 0 m) of the represented Energies 2019, 12, 1340 7 of 14 models showed a rapid rise around the baffle and a relatively low temperature just behind the baffle (Figure 4(ai) ). This was due to the vortex formed in the main flow at the rear of the baffle. In the model without a baffle (the base case), it was observed that the temperature "gradually" increased as the temperature approached the chimney without any fluctuation. This was because the flow that acted as a heat transfer medium in the base case proceeded without any hindrance that caused abrupt changes (Figure 3a) . On the other hand, in the models with baffles, a vortex was formed behind the baffle, delaying the overall flow of the collector (Figure 3b ) and enhancing the heat transfer inside the vortex. This is explained more clearly by the Nusselt number (the ratio of convection heat transfer to conduction heat transfer on the surface of an object), which is relatively higher as the flow passes over the baffle (Figure 4(aii) ). It also implied that the vortex behind each baffle carried away the locally heated air, resulting in a higher convective heat transfer rate and a higher Nusselt number. Contrarily, the Nusselt number graph before each baffle was meaningfully low because the flow was stagnated by the baffle structure, minimizing the convective heat transfer. Also, as the baffle approached the center of the collector, the temperature rise at the baffle position tended to be even higher. The temperature profile of the tip height (h = 0.15 m) of the baffle was a position slightly away from the absorber where the heat flux was generated (where the heat exchange of the main flow and the circulation flow was more advanced). The temperature distribution in this area showed the influence of the flow, depending on the baffle position on the temperature distribution in the collector (Figure 4b) . In all cases, the temperature downstream of the baffle was generally higher than the temperature upstream. This tendency was more apparent when the baffle was located closer to the collector inlet. In other words, the temperatures upstream and downstream of the baffle had a larger gap. This shows that the baffle prevented the heat in the downstream space from flowing out upstream of the baffle and that the function of this baffle was more effective when the baffle was closer to the collector inlet. The extent to which the internal heat flows out could be seen through the temperature distribution at the inlet of the SUT is shown in Figure 5a . The inlet injects air mainly from the outside, but due to the action of circulation flow, some air may leak out to the outside. The flow from the bottom (absorber) of the inlet to a height of approximately 0.094 m inflows to the collector, and the flow above a height of approximately 0.094 m is an outflow from collector to the outside. This can be seen from the radial velocity profile of the inlet with the x-axis set to height (Figure 5b ). The high temperature of this outflow relative to ambient air (300 K) means that the outflow effuses the internal heat from the absorber. Therefore, the outlet temperature is, preferably, as low as possible to preserve the internal heat, and the closer the baffle is to the collector inlet, the lower this temperature is. The effect of this baffle affects the temperature distribution of the entire SUT as well as the temperature distribution of the specific location. First, the temperature contour of the representative models of each group (BL_1.0 of Group 1, BL_2.5 of Group 2, and BL_4.0 of Group 3) shows that the temperature is generally high at BL_4.0, where the baffle is located far from the center. In addition, the temperature of BL_2.5 and BL_1.0, where the distance gradually decreases (Figure 6a) , decreases in order. This tendency of the temperature to change is also observed near the central axis where the "main flow" rises through the chimney (Figure 6b ). This is an important position where the ascending "main flow" is located, and the high temperature at the center means that the heat flux generated from the absorber is well preserved in the SUT. These changes in the flow and temperature distribution affect the rising air flow in the SUT and are directly related to the kinetic power of the fluid. When the turbine is located at the entrance of the chimney, the kinetic power of the fluid at the location is transferred to the turbine to produce power, so that the kinetic power of the fluid can be used to confirm the power generation performance [22] . The kinetic power, P, was calculated using the following equation.
where ρ is the density, which is a constant due to the Boussinesq approximation; A c,in is the cross section of the chimney; and V is the volume flow through the chimney inlet. Both the kinetic power calculated from this equation and the central axis temperature at a height of 1 m of the chimney inlet have the same tendency to increase as the baffle moves away from the center (Figure 7 ). Since the central axis at a height of 1 m is the position where the rising air current is generated, the relationship between the temperature and the kinetic power at this point can confirm whether the heat transfer of the SUT affects the performance of the SUT. Since the two values show the same tendency, the temperature distribution of the SUT is an important factor in the performance. The change of the temperature distribution according to the position of the baffle is also an important factor in the performance determination. In the case of BL_1.0 and BL_1.5 (located close to the center), the temperature distribution and kinetic power were lower than those of the baffle-free base case (BL_1.0 had a lower kinetic power by -2.04% and BL_1.5 had a lower kinetic power by -1.5%), and BL_2.0 is also very slightly higher than the base case (a slightly higher kinetic power by 0.22%) (Figure 7 ). This suggests that changes in heat and flow due to the baffle may not lead to an overall performance improvement of the SUT unless the vortex formation is made at the proper location. As the baffle is located further from the center than the BL_2.0, both the temperature and the kinetic power increase (Figure 7 ) by 0.97 K (temperature) and 8.43% (kinetic power) for BL_4.5. Therefore, the proper position of the baffle to increase the temperature of the central part by preserving the internal heat increases the kinetic power. As a result, the farther the baffle is from the center, the better the internal heat is preserved, and the rising air current can be actively generated. The efficiency was calculated by using the following equation:
where η is the efficiency of SUT, Q is the heat supplied to the absorber, A c,in is the chimney inlet area, V is the flow velocity, q is the heat per unit area, and A a is the absorber area excluding the baffle. The calculated efficiency of each SUT model shows the same trend as the kinetic power (see Section C in the Supplementary Materials). As the baffle is located farther from the center of the SUT, it shows that the efficiency improvement rate (11.67% for BL_4.5) surpasses the increased rate of kinetic power (8.43% for BL_4.5). However, the closer the baffle is to the inlet (the farther away from the center of the collector), the less the cross-sectional area and the larger the negative effect that hinders fluid passage. This negative effect is not directly proportional to the distance of the baffle, and it largely affects the performance of the SUT when the baffle is very close to the inlet. Considering the shape of the collector, the cross-sectional area reduction rate due to the baffle (calculated by 1−h/h in Figure 8a ) and the actual flow pass area (calculated by 2πh'(d+0.08) in Figure 8a ) can be easily calculated. The calculated area reduction rate, AR, increases as the distance increases along the function, which can be expressed as AR = −15/(0.174 x − 1.008) (%) where x is the distance of the baffle location (0 < x < 5 m, Figure 8(bi) ). According to this expression, as the distance (x) approaches 5 m, the increase rate of AR becomes significantly high. That is, the farther the baffle is from the center, the larger the difference of the cross-sectional areas of the flow between the case without a baffle (black bars, Figure 8(bii) ) and the cases with a baffle (red bars). If the fluid flow disruption effect of the baffle influences the kinetic power according to the tendency of this area to decrease, the kinetic power would not show a tendency to be proportional to the internal temperature. Despite such a reduction of the cross section, in the model with eight baffles analyzed in this study, the kinetic power increases as the internal temperature rises as the baffle moves farther away, and the negative effect due to the reduced flow area does not appear. These results show that the reduced fluid passage area does not have a proportional effect on kinetic power. However, before the baffle reaches the inlet completely, there will definitely be some effect of the flow disturbance. To confirm this effect, we set up an additional analysis model assuming extreme conditions. In this additional model, the distance of the baffle is 4.9 m, and it is an extreme case where the baffle is very close to the inlet, considering the width of the baffle (0.08 m). The cross-sectional area reduction rate of BL_4.9 is 97.73%, and the cross-sectional area is 0.11 m 2 , which is 94.82% smaller than BL_4.5. This is a drastic change in contrast to BL_4.5 (its reduction rate is 67.195%, and cross-sectional area is 2.11 m 2 ). This is because the area reduction rate increases more as the distance approaches the inlet (Figure 8b ). The numerical results show that the internal temperature of the BL_4.9 model is much higher than those of the conventional eight models (0.11% higher than BL_4.5 of 307.43 K and 0.50% higher than BL_1.0 of 306.26 K, based on the temperature of the central axis at a height of 1 m), but the kinetic power is 0.3529 W, which is 8.61% lower than that of BL_4.5, which is 0.3861 W (Figure 9a ). The velocity profile at the inlet is also very different from the other existing models (Figure 9b ). This is because the effect of the flow resistance mainly affects the shape of the circulation flow rather than the "main flow" at a distance of up to 4.5 m. In fact, the shape of the "circulation flow" varies greatly depending on the distance of the baffle, and the slight difference of the velocity value of each model of BL_1.0-BL_4.5 causes a difference in the mass flow rate. However, the distance of the baffle does not affect the radial velocity profile divided into inflow and outflow based on a height of approximately 0.094 m (Figure 5b ). However, if the area is too small to resist the entrance of the "main flow" into the SUT, the profile will change, the inflow will decrease, and the kinetic power of the rising airflow will vary. This can be seen as a negative result of the resistance due to the reduction of the cross-sectional area by the baffle.
The claims raised in this study should not be directly extrapolated to the SUTs of different scales. It is, therefore, necessary to conduct case-by-case investigations on the effects of the baffle installation for larger scale SUTs. We believe, however, that the optimized baffle design can meaningfully improve the efficiency of SUTs in any scales, and the related research is in progress in our group. However, the closer the baffle is to the inlet (the farther away from the center of the collector), the less the cross-sectional area and the larger the negative effect that hinders fluid passage. This negative effect is not directly proportional to the distance of the baffle, and it largely affects the performance of the SUT when the baffle is very close to the inlet. Considering the shape of the if the area is too small to resist the entrance of the "main flow" into the SUT, the profile will change, the inflow will decrease, and the kinetic power of the rising airflow will vary. This can be seen as a negative result of the resistance due to the reduction of the cross-sectional area by the baffle.
The claims raised in this study should not be directly extrapolated to the SUTs of different scales. It is, therefore, necessary to conduct case-by-case investigations on the effects of the baffle installation for larger scale SUTs. We believe, however, that the optimized baffle design can meaningfully improve the efficiency of SUTs in any scales, and the related research is in progress in our group. (a) The kinetic power and temperature at the height of 1 m from the center axis (denotes "Base case", "BL_1.0", "BL_2.5", "BL_4.5", and "BL_4.9"' for comparison) and (b) the radial velocity profile at the inlet (denotes "Base case", "BL_1.0", "BL_2.5", "BL_4.5", and "BL_4.9" for comparison).
Conclusions
This study analyzed the variation of the flow and heat transfer trend according to the installation position when installing a baffle on the floor inside the collector of a SUT. The main circuit flow, "circulating flow", which occupies the largest area within the SUT, varies in shape depending on the position of the baffle (Figure 3) , and this change in shape changes the heat transfer tendency. As the baffle is located away from the center, the "circulating flow" tends to be located inward and is more Figure 9 . (a) The kinetic power and temperature at the height of 1 m from the center axis (denotes "Base case", "BL_1.0", "BL_2.5", "BL_4.5", and "BL_4.9"' for comparison) and (b) the radial velocity profile at the inlet (denotes "Base case", "BL_1.0", "BL_2.5", "BL_4.5", and "BL_4.9" for comparison).
This study analyzed the variation of the flow and heat transfer trend according to the installation position when installing a baffle on the floor inside the collector of a SUT. The main circuit flow, "circulating flow", which occupies the largest area within the SUT, varies in shape depending on the position of the baffle (Figure 3) , and this change in shape changes the heat transfer tendency. As the baffle is located away from the center, the "circulating flow" tends to be located inward and is more blocked from the effects of the ambient air. Thus, the farther the baffle is from the center, the more heat is saved by the "circulating flow" in the collector, which contributes to the rise in temperature of the rising flow (main flow). The temperature rise of this "main flow" improves the kinetic power and performance of the SUT. However, if the baffle is not positioned in a proper location, this effect cannot be achieved and the purpose of introducing the baffle to the SUT is diminished. The first type of unsuitable position is a position close to the center, which is too far from the inlet, so that it is difficult to expect the effect of the baffle blocking the ambient air. The second type is a position too close to the inlet, which results in an excessive reduction of the cross-sectional area, resulting in a greater increase in the flow resistance. This negative effect counterbalances the positive effect caused by the rise in temperature.
When introducing a baffle in the design of a SUT, it is very important to consider these positive and negative effects. In conclusion, the baffle should not interfere with the progress of the main flow, and at the same time, it is necessary to locate it in the optimal position to block the effects of outside air. In order to find this optimal point, the shape of the collector (such as the angle of the loop) and the dimension scale of the SUT are important considerations.
